The microstructure evolution and deformation behavior of an as-cast Al-7Mg alloy with severe Mg segregation zones distributed on grain boundaries and in interdendrite regions subjected to dynamic plastic deformation (DPD) at both room and liquid nitrogen temperatures have been studied. At low strains, the deformation of the material is found to be mainly through the formation of deformation bands. At high strains, globular ultrafine grains form in the materials due to continuous dynamic recrystallization, which is also the dominant grain refinement mechanism. After deformation to strain of 1.0, the Mg segregation zones are deformed into fine parallel bands distributing along the deformation bands. Moreover, it is revealed that Al 8 Mg 5 particles and the Mg segregation can enhance the formation of deformation bands even in grains with a stable orientation, namely those with one of the {101} planes perpendicular to the compression direction, which can reduce the inhomogeneity of the deformation structure.
Introduction
Al-Mg alloys are of interest in automobile and aerospace industries due to their light weight, high specific strength and high resistance to corrosion. In the last decades, different severe plastic deformation (SPD) techniques such as equal channel angular pressing (ECAP) [1] [2] [3] [4] [5] [6] [7] [8] [9] and high pressure torsion (HPT) [10] [11] [12] that can efficiently produce ultra-fine-grained and nanostructured materials have been extensively applied to Al-Mg alloys with the aim to further increase the strength of the alloys. In contrast to the SPD techniques, dynamic plastic deformation (DPD) with high strain rate (10 2 -10 3 s -1 ) has been developed for the materials with low and medium stacking fault energies (SFEs) [13] [14] [15] [16] and the materials with the hexagonal crystal structure [17] [18] [19] [20] , with the aim of producing nano-crystalline and nano-twin microstructures. However, for materials with high SFEs, for example, pure Al, deformation twinning has never been observed during DPD [21] . According to the calculations in [22] , the SFEs of the Al-Mg alloys decrease with increasing Mg content. Moreover, among all the Al alloys, Al-Mg alloys are supposed to have the largest tendency to form deformation twinning [23] . Therefore, it is of interest to investigate the deformation behavior of high Mg-content Al-Mg alloys during DPD.
However, as pointed out in [8] and [24] , Al-Mg alloys with a high Mg content are difficult to be severely deformed because cracks are prone to occur. In fact, since the equilibrium solid solubility of Mg in Al is only about 1 wt.% at room temperature [25] , Mg can hardly be uniformly distributed in the Al matrix in the as-cast state. At high cooling rate, the Al 8 Mg 5 compound, usually denoted as Al 3 Mg 2 ,
precipitates along grain boundaries and in the interdendritic regions even in Al-Mg alloys with 2-3 wt.% Mg [26] ; while during deformation, Mg tends to distribute along deformation-distorted grain boundaries [24, 27, 28] . The precipitation of Al 8 Mg 5 and the segregation of Mg to grain boundaries have significant influence on the performance of the Al-Mg alloys. It has been reported that intergranular fracture is more 3 likely to happen during fatigue and creep testing when Mg segregates at grain boundaries [29, 30] . An explanation was given in [31] based on first-principle-calculations result that Mg segregation decreases the cohesive strength of the boundary. However, a contrary effect of Mg segregation on boundary strength was reported in [32] . On the other hand, high Mg content solution could induce an increase in the microstructural inhomogeneity of Al-Mg alloys after SPD. For example, it was reported that more passes are necessary to establish a homogeneous microstructure with increasing Mg content in Al alloy during ECAP [4] . For a high Mg content binary Al-7Mg alloy, a highly inhomogeneous microstructure, i.e., bimodal structure consisting of both coarse micron-sized crystallites and ultrafine grains with mean sizes of < ~500 nm is usually developed [8, 9, 33] . Then, whether this microstructure inhomogeneity of Al-Mg alloy can be suppressed by the Mg segregation that exists in the initial microstructure becomes an important question. Besides, in spite of these aforementioned works, an in-depth analysis of the effect of Mg segregation and Al 8 Mg 5 particles on deformation of high-Mg content Al-Mg alloys during high strain rate deformation is still mainly missing.
Therefore, in this paper, an as-cast Al-7Mg alloy with extensive structural micro-segregations was subjected to DPD at room temperature (RT) and liquid nitrogen temperature (LNT). The evolution of the deformation structure and the influence of the Mg segregation on the deformation zones have been investigated in detail by scanning electron microscopy following deformation at liquid nitrogen temperature and at room temperature to different strains. The corresponding evolution in hardness has been monitored by micro-hardness measurements.
Experimental
The material used in this study was a DC-cast Al-7Mg alloy ingot with dimension of Ø96×1200 mm, which was supplied by Hydro Aluminum and with the chemical composition (in wt.%) of 7.0Mg, 0.05Fe, Here, it should be pointed out that the orientations of the EBSD maps in the present paper are all correspond to the RD (radial direction)-TD plane since a 90° rotation around TD axis was made on initial orientations, which is helpful to understand the relationship between the orientation changes within the grains under the compression strain. Micro-hardness measurements were carried out on the TD-RD plane using a DKV-1S Vickers hardness testing machine with a load of 500 g and a loading time of 10 s. The hardness values obtained were averaged from at least ten separate measurements.
Results

Solidification structure of Al-7Mg
As shown in Fig that many deformation bands have formed in the interior of original as-cast grains while cell structures or sub-grain structures can be seldom observed. This is different from pure aluminum subjected to DPD [21] or Al-7Mg alloy subjected to ECAP [8, 9, 33] where greatly refined sub-grains/cell structures formed in both of these two processes. This should be attributed to the special deformation behavior of the Al-7Mg alloy during DPD. It is known that the deformation of Al-Mg alloys with a high Mg content is mainly through the planar glide mode [34, 35] ; and the tendency for planar glide increases with increasing Mg solid solution content or strain rate, or decreasing deformation temperature. During DPD, the high strain rate and mono-directional deformation will further strengthen the planar glide deformation mode.
Here, it is worth mentioning that there are much less deformation bands and low-angle grain boundaries (LAGBs) in grains indexed with a green color, like the grain labeled as Grain2 in After further deformation to a strain of 0.97, the large Al 8 Mg 5 particles are subdivided into smaller particles and randomly distributed along the elongated grain boundaries (Fig. 4a) . Moreover, it can be seen 7 from Fig. 4 (b) that most of the Mg solute aggregates along the elongated grain boundaries. These elongated grain boundaries are always with high misorientation angles; while in some larger elongated grains, sub-grains enclosed by low-and moderate-angle boundaries are developed (Fig. 4c) . According to With increasing strain from 0.45 to 0.97, the purple or red grains are highly deformed and become quite elongated because of the extensively formed inter-grain deformation bands and the extension of the deformation bands under the compressive strain; while the coarse green grains are also subdivided into many substructures by more developed deformation bands, as can be seen from Fig. 5(a) . Then, the microstructural refinement process will proceed through dynamic recrystallization. As indicated in Fig.   5 (a), the substructures having very low misorientations are developed in the grains and deformation bands.
From grain interior to the grain boundary, the misorientation increases gradually, as shown in Figs. 5(b) and (c). A similar phenomenon was found in Al-5Mg alloy deformed in plane strain compression at 350 ºC [36] . It was speculated that the gradient of misorientation from grain center to edge is induced by the progressive rotation of subgrains/substructures adjacent to pre-existing grain boundaries when the material is strained; and through this rotation, new grains enclosed by high-angle boundaries finally form at the original grain boundaries at higher strains, for example, the grains pointed by black arrow in Fig. 5(a) . This rotation recrystallization should be associated with the distinct lattice rotation speeds between the center zone of a grain and the zone close to grain boundaries as well as the accelerated dynamic recovery in the 8 grain boundary regions [36] . Actually, this rotation dynamic recrystallization was usually reported for the Al-Mg alloys deformed at elevated temperatures [37, 38] because high temperature facilitates the lattice rotation. However, in our experiment, the Mg segregation and Al 8 Mg 5 particles on the grain boundaries seriously retard the grain boundary mobility, and can also induce high density of dislocations in the vicinity of the grain boundaries during deformation, which will provide relatively higher driving force for dynamic recovery. Therefore, this mechanism of rotation dynamic recrystallization, which can be considered as one type of continuous dynamic recrystallization (CDRX), occurs in the Al-7Mg alloy deformed by DPD at higher strains.
3.3. Microstructure of the Al-7Mg samples deformed at LNT Fig. 6 shows typical orientation images of the DPD samples deformed at LNT. As deformed to a low strain of = 0.25, similar to the deformation structure as deformed to = 0.45 at RT, many of the coarse grains have been subdivided into deformation bands. These inter-grain deformation bands enclosed by low angle boundaries form and therefore subdivide the original coarse grains into different orientation regions (Fig. 6a ). These substructures slip independently when subjected to further deformation, inducing an increase in the misorientation angles of the surrounding boundaries and finally formation of the finer grains enclosed with high-angle boundaries (Fig. 6b) .
It is worth noting that the deformation bands initiated by the Al 8 Mg 5 particles can also be found in the green grains in the DPD samples deformed at LNT. Moreover, compared to the Al-7Mg alloy deformed at RT, more deformation bands are developed in the Al-7Mg alloy at the cryogenic temperature. That is because low deformation temperature is beneficial for formation of the deformation bands. In other words, the microstructure is refined more efficiently at LNT. Nevertheless, the stress concentration caused by Al 8 Mg 5 particles and Mg segregations on the grain boundaries limits the maximal strains of the DPD 9 samples, i.e., max = 0.97 and 0.43 at RT and LNT, respectively. Therefore, the CDRX is suppressed at the cryogenic temperature because of the limited strain and the grains have not been greatly refined.
As mentioned previously, the misorientation angles of the deformation bands will increase gradually during deformation, which can be seen from Fig. 7(a) . As indicated, high densities of low angle boundaries form at = 0.43 at RT and 0.25 at LNT; while some of them evolve into boundaries with higher misorientation angles (5-20º) at = 0.97 at RT and 0.42 at LNT. Since the samples cannot be further deformed, a further increase in the misorientation angles of the boundaries between deformation bands and grain boundaries is restrained. It is known that the dislocation density during deformation is controlled by the competition between the dislocation generation rate and the annihilation rate. Because the latter is suppressed by both the high strain rate and low deformation temperature, the samples deformed at LNT will have higher density of dislocations than those deformed at RT. Fig. 7(b) shows the grain sizes in the RT-DPD and LNT-DPD Al-7Mg samples. As indicated, the grains are refined from about 85 to 10 m after DPD. According to the Hall-Petch relationship, the hardness increase caused by such a grain refinement can be ignored. Therefore, the high density of dislocations formed during deformation should be the primary source of the hardness increase, which also explains why the LNT-DPD samples have higher hardness with even lower deformation strains (Fig. 7c) .
Discussion
It is known that the formation of the deformation bands in polycrystalline materials is mainly controlled by the grain orientations. As can be seen from Fig. 3(c) and Fig. 6 , there are mainly two types of grains in the DPD samples: large green grains with less deformation bands and grains indexed with red and violet colors that are greatly subdivided by deformation bands. As we have mentioned, the orientation given in the EBSD images are all in the TD-RD plane, i.e., which is perpendicular to the CD. Hence, the 10 large green grains have one of their {101} planes perpendicular to the CD; while for the red and violet grains, their <101> directions are far away from the CD. with an equivalent Schmid factor of 0.408 will be simultaneously activated. This multiple slip orientation is stable against lattice rotations and will induce a homogeneous dislocation distribution in the grain [39] .
In other words, the green grains are oriented favorably to accommodate the compression strains and thus can undergo large deformation without much subdivision and are deformed into elongated shape. However, in the present work, deformation bands can also be found in the green grains, and the locations of these On the other hand, for the red and violet grains with their <101> far away from the CD, numerous inter-grain deformation bands have to be developed to help accommodating the compression strains because of the lack of the cross slip, and thus these grains are gradually subdivided during DPD into small 11 sub-grains by deformation bands. Actually, in Al-Mg alloy with high Mg concentration, the grains with orientation <101> far away from the CD will become more difficult to accommodate the compression strain because solute Mg atoms reduce the dislocation mobility. Moreover, the dislocation movement can be further suppressed by the high strain rate during DPD and also at cryogenic temperatures. Therefore, these grains will be highly subdivided and refined by formation of numerous deformation bands. At high strains, CDRX works in the deformation bands for formation of equiaxed or small elongated grains with row stacking configuration, as shown in Fig. 4(c) .
Conclusions
In summary, during DPD of a high Mg-content aluminium alloy, i.e. Al-7Mg, severe Mg segregation in the as-cast microstructure is refined and mainly distributed along the elongated grain boundaries. Fig. 1(c) , respectively, and (d) misorientation profile measured along L4 in Fig. 1(d) . 
